SUMMARY Renal phospholipid metabolism was studied after ischemia was induced by occlusion of the left renal artery in the rat. There was no change in the rate of cellular ["C]choline uptake after 25 or 80 minutes of ischemia. However, [ u C]choline incorporation into phospholipid was two to three times greater in slices from the ischemic kidney than in slices from the contralateral control kidney. The increase occurred after 25 minutes of ischemia plus 15 minutes of reflow, and after 60 minutes of ischemia with or without reflow. When [ u C]choline was injected into rats after a 60-minute period of renal ischemia, the rate of incorporation into phospholipid in the ischemic kidney was almost twice that of the control kidney. These results were similar to those of the in vitro experiments. Since virtually all of the cellular phospholipids of the kidney are present in cellular membranes, renal ischemia affects membrane metabolism. The mean distribution ratio of a-aminoisobutyric acid in slices of kidneys ischemic for 60 minutes was similar to that of control slices DAMAGE to cell membranes is a prominent feature of renal ischemia. In rats, after occlusion of the renal artery for periods up to 1 hour, the damage is especially evident in the proximal tubular cells, which become denuded of brush border membranes (Reimer and Jennings, 1971a; Reimer et al., 1972; Venkatachalam et al., 1978) . If the ischemic period is short, the membranes regenerate; with longer periods of ischemia, cellular necrosis ensues. Phospholipids are the basic structural component of cellular membranes. We therefore investigated membrane metabolism in renal ischemia by determining the rate of incorporation of [ u C]choline into phospholipid of ischemic rat kidneys. We also determined the transport of a-aminoisobutyric acid (AIB) in the kidneys, since the membrane damage might be expected to affect the membrane transport of metabolites.
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Methods
Male Sprague-Dawley rats, weighing 250-350 g (Charles River Breeding Laboratories, Inc.) and fed rat chow, were used. They were anesthetized with Inactin, 100 mg/kg body weight, placed on a heated board to maintain body temperature at 37°C, and continuously infused with heparinized saline (6 U aqueous heparin/ml 0.85% saline) into the left jugular vein at 28 fil/min. Tubing in the right femoral artery was attached to a Hewlett-Packard pressure transducer and recorder for continuous blood pressure measurements. Through a left flank incision, the left kidney and ureter were freed from surrounding fat, and the kidney was covered with cotton immersed in mineral oil at 37°C.
The left renal artery was totally occluded with a modified aluminum Blalock clamp for periods of from 25 minutes to 3 hours and then released. Adequacy of clamping was assessed by blanching of the kidney and by the absence of a vascular flush after a venous injection of 50 jd of 5% lissamine green midway during the ischemic period. Adequacy of reflow after removal of the clamp was assessed by the return of normal color and by a vascular flush from lissamine green 5 minutes after the clamp was removed. A group of sham-ischemic rats was treated exactly like the experimental animals, but the Blalock clamp was not closed.
Rats were rejected from the study if: (1) the mean systemic blood pressure fell below 95 mm Hg; (2) prior to occulsion, the proximal tubular transit time-the time for lissamine green to transverse the accessible part of the proximal tubule, as assessed visually-was greater than normal (>13 seconds); (3) the arterial clamping was not total; or (4) reflow did not occur in the reflow studies.
[

C]Choline Incorporation into Phospholipid in Vitro
The rats were killed by cutting the distal aorta. The kidneys were quickly removed and placed into cold Krebs-Ringer-bicarbonate buffer, pH 7.4. They were decapsulated and bisected; sagittal cortical slices 0.4-0.5 mm thick and weighing 15-35 mg were cut with a Stadie-Riggs microtome. The second (superficial) and third (deep) slices from the capsular surface were used for study. Each slice was incubated in a 25-ml Erlenmeyer flask, containing 2 ml of fresh Krebs-Ringer-bicarbonate medium, pH 7.4, and 20 or 22 JUM [methyl-M C]choline chloride (specific activity, 30 or 50 mCi/mmol; New England Nuclear). The flasks were gassed with 95% O 2 -5% CO2 for 30 seconds, closed, and incubated in a Dubnoff metabolic shaker at 37°C for 30 minutes. In some experiments, incubation time or choline concentration was varied.
Following the incubation, [ u C]choline incorporation into phospholipid was determined by the method of Toback et al. (1974) . Duplicate 0.2-ml samples of the acid-insoluble (phospholipid) fraction, the acid-soluble (supernatant) fraction, and the incubation medium were counted for radioactivity as described, with correction for quenching (Toback et al., 1974) . Since the values for superficial and deep slices were not significantly different from each other, values for each kidney were calculated as the mean of two superficial and two deep slices.
Thin Layer Chromatography of Phospholipids
By a modification of the method of Toback et al. (1974) , thin layer chromatograms were prepared from the acid-insoluble pellets from the kidneys of three rats subjected to 60 minutes of renal ischemia and 15 minutes of reflow, and from three control rats. This method included extraction of the pellet in chloroform-methanol (2:1) and water, centrifugation at 1000 g, evaporation to dryness with N 2 , and resuspension in 0.2 ml of toluene. Eight-microliter alliquots from each sample were then placed on a Silica Gel H plate (Merck) and chromatographed in chloroform-methanol-water (25:14:1). The plate was then dried, and autoradiograms were prepared by exposure to Kodak NS-54T x-ray film for 60 hours. The plate was sprayed with 50% H2SO4, and charred at 225°C. Tissue phospholipids were then identified by comparison with the following standards: phosphatidylcholine, lysophosphatidylcholine, sphingomyelin, phosphatidylserine, phosphatidylinositol, and phosphatidyl ethanolamine (Applied Science Labs). Both the plate and autoradiogram were scanned with a densitometer (Clifford Instruments), and the percent of the total radioactivity for each identified spot was determined.
[
14 C]Choline Incorporation into Phospholipid in Vivo [ u C]Choline, 28.5 AiCi (0.96 fimol/100 g body weight) was injected intravenously, either (1) 15 minutes before a 1-hour occlusion of the left renal artery without reflow, or (2) after 1 hour of occlusion plus 30 minutes of reflow. In the latter studies, the rats were killed 30 minutes after the injection. Kidney slices were prepared as above, except for the absence of incubation in vitro.
Transport of [ M C]a-Aminoisobutyric Acid
Following 1 hour of left arterial occlusion and 15 minutes of reflow, cortical slices were prepared as above and incubated in 2 ml of fresh Krebs-Ringerbicarbonate buffer, pH 7.4, and l-[
H C]a-aminoisobutyric acid (specific activity, 12.2 mCi/mmol, 11.4 fiM), according to the methods of Rosenberg et al. (1961) and Lowenstein et al. (1968) . After 60 minutes of incubation, the slices were extracted with 2 ml of boiling water, 0.2 ml of the water extract was placed into 10 ml of Aquasol (New England Nuclear) and counted to a 2% error on a LS-250 Beckman scintillation spectrometer. Two superficial and two deep slices were analyzed for each kidney. Data for each slice were calculated as distribution ratios.
Distribution ratio counts/min per ml of intracellular fluid counts/min per ml of medium
Measurement of Fluid Compartments
Total tissue water of cortical slices from ischemic and control kidneys was calculated from measurements of wet and dry weight. The extracellular fluid space was measured after incubating cortical slices with 0.33 or 0.4 juCi [ H C]inulin (New England Nuclear) in 2 ml of Krebs-Ringer-bicarbonate buffer for 60 minutes at 37°C (Lowenstein et al., 1968) . The intracellular fluid space was calculated by subtracting the extracellular fluid space from the total fluid space. In all the experiments after incubation, the total tissue water and extracellular and intracellular fluid spaces in ischemic slices were the same as those from control slices. Therefore, the results of the various experiments were expressed per milligram kidney wet weight.
Data are given as mean ± SEM. Student's t-test and paired analysis were used for tests of statistical significance.
Results
[ 14 C]Choline Incorporation into Phospholipid
There was no change in the rate of [ 14 C]choline uptake into the acid-soluble fraction in ischemic slices after 25-60 minutes of ischemia (Table 1) . After 3 hours of ischemia, the uptake of choline dropped by 55% (P < 0.05).
The rate of [ M C]choline incorporation into the phospholipid fraction of renal slices from both control and experimental slices was linear over 60 minutes of incubation (Fig. 1) . The rate was significantly greater in slices from the ischemic kidney than in those from the control kidney at all of the incubation periods for which it was measured (P < VOL. 44, No. 1, JANUARY 1979 Fig. 2 ). The increases for the 60-minute ischemic period were similar with or without the 15-minute reflow period. After 3 hours of ischemia, the incorporation of [ M C]choline into phospholipid fell to a mean of 50% of the control (P < 0.05). Both kidneys of the sham-operated rats had the same rate of incorporation of [ 14 C]choline into phospholipid. Also, there was no significant difference between the results for kidneys from the sham-operated rats and results from the control kidneys; thus, either group could be used for comparison with the experimental group.
Thin Layer Chromatography of [ 14 C]Choline-labeled Phospholipids
Determination of distribution of the [ H C]choline into the various phospholipid classes was made in
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FIGURE 1 Choline incorporation into phospholipid in kidney slices incubated in vitro for varying time periods. Each value is the mean ± SEM of data from four rats subjected to 60 minutes of left renal artery occlusion.
four sets of rats. From 97 to 99% of the radioactivity of the acid-insoluble fraction was extracted by the chloroform-methanol solutions. From 89 to 92% of the radioactivity in this lipid extract appeared as phosphatidylcholine and 9% as lysophosphatidylcholine in both the ischemic and control kidneys. No radioactivity was discerned in sphingomyelin or other phospholipids.
In Vivo Studies
To compare the result obtained in vitro with corresponding events in the whole animal, [ H C]choline was injected into rats after the 60-minute period of renal ischemia. The rate of incorporation into phospholipid in the ischemic kidney was almost twice that of the control kidney (P < 0.005). These 96 /imol) After ischemia The injection was given after the left kidney had been subjected to 60 minutes of renal ischemia and 30 minutes of blood reflow Thirty minutes after the injection, the ischemic and contralateral control kidneys were removed and eitracted for the acidlnsoluble (phospholipid) and acid-soluble fractions. Before ischemia The injection was given 15 minutes before the left kidney was subjected to 60 minutes of renal ischemia. Following ischemia, the kidneys were immediately removed and extracted for the acid-insoluble (phospholipid) and acid-soluble fractions. (See text for details ) results were similar to the in vitro data (Table 2) . However, when [ 14 C]choline was injected 15 minutes before the period of renal ischemia, the rate of incorporation into phospholipid of the ischemic kidney was only 25% that of the control side. Most of the incorporation probably occurred before the ischemia, since the degree of incorporation was similar to that found in kidneys of normal rats 15 minutes after an injection of [ H C]choline.
Distribution Ratio of AEB in Cortical Slices
Amino acid transport into the kidneys was assessed with AIB. Deep cortical slices had a higher distribution ratio of AIB than did superficial cortical slices in both the ischemic and the control kidneys (P < 0.005) ( Table 3 ). The mean distribution ratios of the amino acid in the ischemic slices were not significantly different from those of control slices.
Discussion
In the present studies, [ u C]choline incorporation into phospholipid was used to evaluate changes in phospholipid metabolism induced by ischemia in rat renal cortex. Choline enters renal cells rapidly (Acara and Rennick, 1973; Gardiner and Gwee, 1974; Toback et al., 1974) , and probably by active transport (Sung and Johnstone, 1965) . From previous studies it is known that the radioactive label on [ 14 C]methyl-labeled choline does not transfer to other cell components (Plagemann, 1968) , and that free choline does not exchange with choline in phos- phatidylcholine (Plagemann, 1971; Wheldrake, 1972) . Our chromatographic data show that these concepts are valid for the ischemic kidney. Nearly all the choline in the acid-insoluble phase was incorporated into phospholipid, principally phosphatidylcholine, in ischemic as in control kidneys. Thus, incorporation of [ 14 C]choline into the acidinsoluble phase is a valid index of membrane phospholipid metabolism.
To equate changes in the rate of incorporation of choline with changes in the rate of synthesis of phospholipid would require evidence that both the rate of phospholipid catabolism and choline pool size are unchanged after ischemia. Any assessment of the degree of phospholipid turnover or degradation is suspect, because loss of [ 1 4C]choline from the acid-insoluble phase could represent either catabolism or merely loss of brush border villi containing the phospholipids. Endogenous renal choline pools in normal kidneys (Wheldrake, 1972) have been determined at 400 jug/g; they have not yet been determined in renal ischemia and by modern enzymatic methods. Despite these limitations, our data demonstrate that significant changes in renal phospholipid metabolism are induced by ischemic damage. After periods of renal ischemia of 25-60 minutes, [ M C]choline incorporation into renal phosphohpids is enhanced 2-to 3-fold. The increase occurs in vivo as well as in vitro, indicating that the increased incorporation does not depend on the artificial conditions of in vitro incubation. Since virtually all phospholipids occur in membranes, these results suggest that membrane metabolism is altered after renal ischemia.
The most striking morphological change immediately after the 25-or 60-minute period of renal ischemia is the loss of virtually all brush border microvilli. Many villi are flushed into the proximal tubular lumina and swept downstream where they impact as occlusive blebs in the pars recta of the deep cortex or outer medulla. Biochemically, the lost brush border contains phospholipids, as well as membrane-bound proteins. Our studies demon-strate that the cell responds to this loss by increasing choline incorporation into membrane phospholipid. Since previous morphological studies from our group and others have shown convincingly that the brush border regenerated rapidly after relief of arterial occlusion, the increased incorporation of choline into phospholipid probably reflects net synthesis of new membrane material formed for repair of the cells.
Although phospholipid metabolism is similarly enhanced whether the ischemic period is 25 or 60 minutes, the ultimate fate of the renal membranes and cells is different. In those kidneys exposed to only 25 minutes of renal ischemia, cell necrosis is largely absent. In those kidneys exposed to 60 minutes of renal ischemia, cell necrosis is progressive, so that after 24 hours massive necrosis is present in all segments of the proximal tubule Glaumann and Trump, 1975; Reimer et al., 1972) . Since increased incorporation of choline into phospholipid occurs immediately after ischemia of 60 minutes, this reparative response is obviously insufficient to prevent the membrane changes that accompany cell death (Reimer and Jennings, 1971a) .
There is additional evidence that cells with ultimately lethal damage continue to perform complex biochemical processes for some time. Our data indicate that amino acid transport is unaffected by 60 minutes of ischemia (Table 3) . Others have observed that p-aminohippuric acid accumulation is normal or even increased under similar conditions (Mclntosh and Huang, 1955; Reimer and Jennings, 1971a and b) . On the other hand, extremely prolonged ischemia eliminates these complex biochemical processes at once. We find that, after 3 hours of renal ischemia, choline incorporation into phospholipid is depressed. Correspondingly, others have found that prolonged ischemia decreases /7-aminohippuric acid transport into kidney slices (Mclntosh and Huang, 1955 ).
An increase in incorporation of choline into phospholipid has been demonstrated in murine kidneys in other circumstances in which increased synthesis of membranes is certainly taking place. For example, increased incorporation of choline into phospholipid occurs in the kidney immediately following removal of the opposite kidney (Toback et al., 1974) . The increase begins within 5 minutes after contralateral nephrectomy and remains elevated for 2 days. The activity of choline kinase is also rapidly increased (Bean and Lowenstein, 1976) . This is the earliest measured biochemical change in the onset of renal regeneration and supports the hypothesis that the cellular membrane may be involved in the initiation of cellular division and growth (Cunningham and Pardee, 1969; Holley, 1972; Pardee, 1964) . The enhanced membrane synthesis due to renal ischemia and compensatory growth may be additive, since after 80 minutes of ischemia plus contralateral nephrectomy, rat kidneys are larger than after contralateral nephrectomy alone (Lytton et al., 1968) . Also, brief periods of renal ischemia are associated with cellular regeneration and hypertrophy.
Increased incorporation of [ M C]choline into phospholipid is also seen during recovery from nonoliguric renal failure due to the nephrotoxin HgCl2 (Toback et al., 1977a) . The increased incorporation rose to a peak 4 hours after administration of the toxin, then returned to normal levels within 18 hours of the insult. Over the next week, as regeneration of the kidney progressed, the rate of incorporation rose once more, peaking on the 5th day of recovery. Increased incorporation of choline into phospholipid also occurs following potassium depletion (Toback et al., 1977b) .
In conclusion, ischemic injury stimulates the incorporation of [ M C]choline into phospholipids. This occurs after morphologically demonstrated membrane damage (Reimer et al., 1972; Reimer and Jennings, 1971a; Venkatachalam et al., 1978) and may be an initial step in the repair of cellular injury.
